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CROSS-REFERENCE TO RELATED APPLICATIONS 



This application is based on Provisional Patent Application 60/360,324 filed 
February 28, 2002 entitled "Biodegradable Materials From Starch-Grafted Polymers". 



5 computer cases to paint. They have replaced many more valuable, non-renewable resources 
such as wood and metal. Unfortunately, plastics are not very biodegradable. This 
disadvantaged compounded by the fact that many plastic materials are designed to be used 
once and then disposed of. In addition, the trash bags into which other plastics are disposed 
in are made of plastic as well. The large amount of plastics being thrown away has become 

10 a serious pollution problem. 

Polyethylene (PF), polypropylene (PP), polystyrene (PS), polybutylcnc (PB), 
poly(styrenc-cthylcne-butylenc-stryrene) (SEBS), poly vinylfluoride (PVF), poly vinylchloride 
(PVC), poly(ethylene tcrephthalate) (PET) are some of the more common plastics. They arc 
non-biodegradable and generally synthesized from petroleum products. Our society has 

1 5 come to depend on these materials, despite their environmental disadvantages. In addition, 
because they are derived from petroleum, they increase our country's dependence on 
imported oil. It is, therefore, desirable to find an environmentally friendly alternative to 
these products. 



2 0 Starch is a very common, environmentally friendly, biopolymer. However, pure starch is 



BACKGROUND OF THE INVENTION 



Polymer plastics are ubiquitous in our society. They are used for everything from 



Several alternative materials have been investigated to replace these plastic polymers. 



BEST AVAILABLE COPY 



WO 03/1174604 PCT/US03/0566 1 

2 

brittle and rapidly degrades when exposed to water. To overcome these deficiencies, there 
have been many attempts to combine starch with synthetic polymers. If starch could be used 
as an additive with polymers such as those listed above, it would not only increase their 
biodegradability, but would also make them less expensive to synthesize. For example, low 
density polyethylene (LDPE) costs about 50£ per. pound as opposed to starch which costs 
about 15£ per pound. 

Mixtures of starch and polymers have, unfortunately, resulted in materials having 
poor physical qualities. Starch generally does not mix well with the polymers listed above. 
In an attempt to improve these mixtures, some researchers have used high amy lose starch. 
Although high amy lose starch slightly improves the physical properties of the mixtures, it 
is relatively expensive and reduces or eliminates the cost benefits of these mixtures. 
Gelatinized starch has also been used in an attempt to improve these mixtures. However, 
gelatinized starch as well as high amylosc starch requires the addition of a plasticizcr. 
Gelatinized starch results from processing raw starch. This increases its cost and, therefore, 
makes it less economical than raw starch. 

The addition of a plasticizcr poses another disadvantage. As with requiring 
processing of the starch, this increases the cost. In addition, plasticizers such as glycerol 
increase the water absorbency of the polymer and starch mixture. This has a deleterious 
effect on the mixture's physical properties, making them impractical, 

Raw, granular starch comes from a variety of sources, including corn, wheat, rice and 
potatoes. Wheat and rice granular starch tends to be the least expensive. 

U.S. Patent No. 6,218,532 discusses a method of synthesizing materials from 
amylose starch derivatives. The starch is chemically modified to form starch ethers, esters, 
and carbamates. It does not disclose cross-linking of starch to polyethylene. 
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U.S. Patent No. 6,235,815 discloses mixing of starch with a hydrophobic 
biodegradable polymer, including polyethylene oxide. It does not include a compatibilizer 
to covalcntly attach polyethylene to granular starch. 

U.S. Patent No. 5,719,214 discloses starch polymer having polyester grafted onto it. 
5 It does not disclose polyethylene having granular starch grafted onto it. 

U.S. Patent No. 5.569,692 describes a starch-based composition for the production 
of articles of biodegradable plastics material. The starch is heated with a destructuring agent 
in order to destructurc the starch. It is then mixed with a polymer, preferably polyvinyl 
alcohol or ethylene vinyl alcohol. This patent does not disclose covalcnt grafting of granular 
10 starch onto polyethylene. 

U.S. Patent No. 5,461,094 discloses the formation of a biodegradable material by 
chemically bonding starch with polyethylene. However, the method disclosed in this patent 
is significantly more complex than the present invention. It requires the use of a radical 
initiator and acid catalytic co-monomer and auto oxidizing agent and a plasticizer. It does 
15 not disclose the simple covalent attachment of granular starch to polyethylene. 

It is therefore desirable to develop an inexpensive method for synthesizing a 
starch/polymer mixture in which inexpensive, unprocessed starch of any variety may be 
used. 

RRIFF SUMMARY OF THE INVENTION 
20 The present invention discloses a new starch and polymer mixture and method for 

making it. Those skilled in the art will appreciate that starcli/polymer blends in the past have 
used expensive varieties of starch and the blends have had inferior physical qualities. These 
varieties include high amylosc starch and processed starch such as gelatinized starch and 
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starch ethers and esters. The present invention requires only granular starch and provides 
a blend that has physical characteristics very similar to those of the pure polymer. 
Furthermore, any type of starch may be used, including wheat and rice starch. The ability 
to use these inexpensive types of starch greatly enhances the cost efficiency of the present 
5 invention. 

The present invention involves mixing starch with a primary polymer and a 
compatibilizer that has grafting compounds attached to it. These grafting compounds 
covalenlly bond to the hydroxy! groups located on granular starch. Starch hydroxyl groups 
arc susceptible to binding by these grafting compounds. Because the starch is chemically 
10 grafted to the compatibilizer, which in turn physically interacts with the polymer, the 
resulting mixture has substantially the same physical properties as the polymer in its pure 
form. Up to 30% of the mixture may be granular starch. Because the starch may be granular 
wheat or rice starch, this greatly reduces the cost of manufacturing the polymer. In addition, 
it greatly enhances the biodcgradability of the mixture. Polymers having grafting 
15 compounds already attached to them arc presently commercially available and are only 
slightly more expensive than the unaltered polymers. This difference in cost is more than 
compensated for by the use of inexpensive starch. 

Another significant advantage of the present invention is its simplicity. The 
compatibilizer, commercially available polymers having a grafting compound attached to 
2 0 them, are mixed with granular starch and the polymer under heat and pressure. The heat and 
pressure causes the grafting compound of the compatibilizer to covalenlly bind to hydroxyl 
groups on the granular starch. The resulting blend has mechanical properties very similar 
to that of pure polymer. Furthermore, the disclosed blend is significantly less expensive than 
a pure polymer as well as significantly more biodegradable. 
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Another advantage of the present invention is the lack of a plasticizer. In existing 
starch/polymer blends, a plasticizer is utilized to facilitate blending of the starch and 
polymer. This has the deleterious effect of increasing water absorbency of the blend. 
Eliminating the need for a plasticizer, by replacing it with a compatibilizer, the water 

5 absorbency of the final product is reduced. This allows for a stronger, more durable product. 
This also reduces the cost of manufacture. 

Generally, the compatibilizer is essentially the same polymer that is being mixed 
with the starch. Typically, the concentration of the compatibilizer is about 10% that of the 
starch. That is, if the starch concentration is 20% by weight, then the compatibilizer will 

10 comprise about 2% by weight of the total mixture and the polymer itself will comprise 
approximately 78% of the mixture. However, the amount of compatibilizer may be as much 
as 80% by weight of the starch. It may also be as little as 5% by weight of the mixture. 
Typically, the compatibilizer is comprised of the same polymer as the primary polymer 
itself. The only difference is that the compatibilizer has a grafting compound attached to it. 

1 5 Typically, the compatibilizer is only about 5% by weight grafting compound, and 95% by 
weight polymer. It is not necessary that the compatibilizer be comprised of the same 
polymer as the primary polymer. Any polymer that blends well with the primary polymer 
may be used. 

Preferably, only about 5 wt% of the monomer units of the compatibilizer has a 
2 0 grafting compound attached. Another preference, but not necessary, is that the granular 
starch be between 20 and 25 micrometers in diameter. It is also preferable to have between 
1 and 30 vvt% starch. If the blend is comprised of greater than 30 wt% starch, poor 
mechanical properties result. 
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Another advantage of the present invention is its simplicity. No additional steps need 
to be added to the formation of the product. Normally, polymers are cured under heat and 
pressure. Granular, unprocessed starch and compatibilizer may simply be added to this 
curing process. Without any additional steps, the curing process, due to its inherent 

5 properties of heat and pressure, induce covalent bonding of granular starch to the grafting 
compound. The simple addition of unprocessed starch to an existing process further 
increases the cost efficiency of the present invention. Those skilled in the art will appreciate 
the significant advantages of the invention. The invention can be applied to any products 
that currently use PE, PP, PS, PB, SEBS, PET, PVF and/or PVC. 

10 in the embodiments described below, maleic anhydride is preferred as the grafting 

compound for the compatibilizer, which facilitates covalent bonding of granular starch to 
the compatibilizer. This is generally because of its ready availability. Those skilled in the 
art will appreciate that similar grafting molecules may also be suitable. Those skilled in the 
art will also appreciate that derivatives of the polymers listed above may also be suitable 

15 compatibilizcrs and primary polymers in the present invention. 
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RRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
Figure 1 shows an electron micrograph of a starch and polyethylene mixture without 
a compatibilizcr. 

Figure 2 shows an electron micrograph of a mixture of starch, polyethylene and a 
compatibilizcr. 

Figure 3 is a diagrammatic representation of the intermolccular interactions of the 
present invention. 

Figure 4 is a graph showing the effect of compatibilizer concentration on a tensile 
strength. 

Figure 5 shows a comparison of tensile strengths of mixtures both with and without 
a compatibilizcr. 

Figure 6 is a comparison of elastic properties of mixtures both with and without a 
compatibilizer. 
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DETAILED DESCRIPTION OF THE INVENTION 
The present invention comprises the use of a primary polymer being cured by heat 
and pressure in the presence of granular starch and a compatibilizer. The curing process 
covalcntly binds the grafting compound of the compatibilizer to the starch. This results in 
a material having substantially the same mechanical properties as the pure polymer but being 
less expensive and more biodegradable. Compatibilizers, polymers having grafting 
compounds attached to them, are commercially available. An example of a grafting 
compound is maleic anhydride. An example of a good compatibilizer is polyethylene 
including approximately 5% by weight maleic anhydride which is commercially available 
and only slightly more expensive than pure polyethylene. Those skilled in the art will 
appreciate that maleic anhydride is only one of many suitable grafting compounds. Any 
grafting compound capable of covalcntly bonding to an hydroxyl group while under heat and 
pressure will be suitable. Whether or not the primary polymer or compatibilizer is linear is 
not important. Similarly, the average length of the polymer does not significantly affect the 
invention. No plasticizcr is required. It is also not necessary to process the raw, granular 
starch in any way. In this particular embodiment, PE is the polymer used for both primary 
polymer and compatibilizer. However, PE, PP, PS, PET, SEBS, PVF, PB, PVC, and other 
similar polymers may be used with equally effective results. 

The scanning electron micrographs of liquid nitrogen fractured surface of 
PE/granular cornstarch samples reflect the phase morphology of the matrix and particles 
(Figures 1 and 2). Strong chemical interactions between PE and starch can be observed in 
the presence of compatibilizer (Figure 2) compared to the sample with no compatibilizer 
(Figure 1). The compatibilizer enables granular starch to become part of the PE matrix 
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through covalent bonding to the compatibilizer and will not be leached out after processing. 
The mixture as shown in Figure 1 consists only of granular starch and polyethylene. The 
mixture shown in Figure 2 consists of granular starch, polyethylene and a compatibilizer. 
The compatibilizer consists of polyethylene having maleic anhydride molecules covalently 
attached. The maleic anhydride constitutes approximately 5% by weight of the 
compatibilizer. The maleic anhydride grafting agents covalently bond to hydroxyl groups 
on the granular starch. Because the maleic anhydrides constitute a relative low weight 
percent of the compatibilizer, there are significant sections of polyethylene in the 
compatibilizer that are hydrophobic. These hydrophobic regions allow the compatibilizer 
) to physically interact with the pure polyethylene polymer. Thus, the granular starch in the 
polyethylene is much more closely and more tightly associated. In Figure 1, it can be clearly 
seen that the granular starch is entirely immiscible and in no way bound to the polyethylene. 
In contrast, the mixture in Figure 2 shows them much more blended together and more 
connected. Those skilled the art will appreciate that the chemical and physical cohesive 
5 properties of the intcrfacial compatibilizer greatly enhance the strength of the resulting 
mixture. 

The compatibilizer improves the mechanical properties of PE/starch and addition of 
a plasticizer is actually detrimental to the finished products. See Tables 1-4. The addition 
of glycerol (plasticizer) not only decreases the mechanical properties of starch-filled PE but 
JO also has a negative effect on the mechanical properties of starch-filled PE after one month 
of storage because glycerol is not compatible with PE. While here PE is used to exemplify 
the results of the present invention, results arc practically the same with other combinations 
of polymer and compatibilizer as disclosed herein. 
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Incorporating compatibilizcr is easily accomplished by mechanically blending the 
polymer, starch, and compatibilizcr prior to extrusion. By using granular starch, no 
additional processing step is needed to prepare plasticizcd or gelatinized starch. The starch 
can be from different sources, such as corn, rice, and potato, and can be either in unmodified 
or modified form. PE can also be of different types, such as linear low density PE (LDPE) 
or high density PE (HDPE). This invention will make a significant contribution to the 
environment by substituting starch (renewable and biodegradable) for petroleum-based PE 
and other polymers. It is also very important to note that the use of starch to replace PE 
significantly (-15%) reduces production cost. For example, corn starch costs 10-150 per 

) pound vs. PE at 70- 1 000 per pound. 

The present invention is suitable for a wide variety of polymers, especially 
hydrophobic polyolcfins. Examples of suitable polymers include polyethylene, 
polypropylene, polystyrene, polybutyldienc, polyvinylchloride, SEBS, PET, combinations 
thereof and other primarily hydrophobic polymers. The polymer may be either high density 
5 or low density or a combination thereof. Average polymer length is not important. Very 
long chain, ultra high molecular weight polymers arc suitable as well as short polymers. 
However, polymers having a length of 100-1000 monomers arc generally preferred. 

In the prior art, great effort is put into modifying starch in order to enhance its 
miscibility with the relatively hydrophobic polymer with which it is mixed. This has proven 
0 to be very inefficient because improvements in physical properties is minimal while the 
modifications arc relatively expensive. Because modified starches have performed poorly, 
the use of granular starch has been dismissed by the prior art as even more impractical. One 
of the significant advantages of the present invention is that it provides a method for 
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utilizing unmodified and unprocessed granular starch. In fact, in the present invention, 
unprocessed, granular starch produces superior properties compared to when the invention 
is applied to modified, plasticized, gelatinized, dc-protcinatcd or otherwise processed 
starches. One of the novel aspects of the present invention is the highly unexpected result 
that a less expensive and simpler process produces a product having physical properties 
superior to the polymer / starch mixtures of the prior art. Furthermore, starches from any of 
a variety of plants are suitable in the present invention. Granule size may vary greatly 
without significantly effecting the physical properties of the present invention. While 
granules approximately 25 micrometers in diameter are preferred, large variations in granule 
diameter have only a minimal effect in the physical properties of the end product. Those 
skilled in the art will appreciate that, because different starches are more plentiful in 
different parts of the world, the ability of the present invention to utilize a variety of starches 
is highly advantageous. Starches such as those derived from wheat, corn, rice and potatoes 
are only some of the many starches that are suitable. 
S One of the important features of the present invention that allows for a product 

having superior qualities and produced by a simple and inexpensive method is its use of a 
compatibilizer. The compatibilizer is a polymer having a starch binding compound attached 
to it. The polymer is typically a polyolefin or other relatively hydrophobic polymer. The 
starch binding compound is typically a relatively small organic compound that is covalently 
0 attached to the polymer main chain and is such that it is capable of forming covalent bonds 
with starch granules. Optionally, the starch binding compound may also form hydrogen 
bonds and salt bridges with the starch granules. 

Starch binding compound in the present invention is typically an anhydride. 
Specifically, maleic anhydride is preferred. Primarily hydrophobic polymers having maleic 
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anhydride bound to it are readily available for purchase. Their availability makes them 
relatively inexpensive and easy to obtain. However, almost any molecule having an 
anhydride functional group is suitable for the starch binding compound of the present 
invention. Anhydrides having a stcrically un-preferred structure arc especially suitable 
because they tend to be more volatile than other hydride compounds. This is another reason 
why maleic anhydride is especially suitable in the present invention. Similarly, other 
compounds capable of forming ester linkages with hydroxyl groups and having sterically 
unfavorable geometries are suitable starch binding compounds. For example, many 

epoxides are suitable. 

Those skilled in the art will appreciate that starch granules have a vast abundance of 
hydroxyl groups within them. Under the heat and pressure conditions used for extruding and 
curing most hydrophobic polymers an anhydride group will react with a hydroxyl group in 
order to form a covalcnt, ester linkage. When a compatibilizer is added to a mixture of 
starch granules and a hydrophobic polymer, its anhydride groups will react with the hydroxyl 
groups of the starch granules causing them to become covalcntly bound. The starch binding 
compound is preferably a relatively small percentage of the overall weight of the 
compatibilizer, typically around 5 wt%. Because of this, large portions of the compatibilizer 
have no starch binding compound and therefore, no hydrophilicity. These regions of the 
compatibilizer arc very hydrophobic and strongly interact with the polymer of the mixture. 
Because of this, the compatibilizer reacts strongly with both the hydrophillic starch granules 
and the hydrophobic polymer. The compatibilizer acts as a glue slicking to both the starch 
granules and the polymer. This is why it may be referred to as an interfacial compatibilizer. 
The result is a very stable and very strong product having superior physical properties as 
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well as being biodegradable. Those skilled in the art will appreciate the numerous 
advantageous of the present invention. 

Maieic anhydride is an effective starch binding compound for use in any of a variety 
of compatibilizcrs. This is especially so because of the availability of polymers to which 
maieic anhydride has been grafted. Generally, the polymer of the compatibilizer is 
preferably the same as the polymer being mixed with the starch granules. For example, 
maieic anhydride graphed polyethylene (PE-g-MA) is especially suitable for use with PE, 
both high density and low density. Similarly, maieic anhydride grafted polypropylene (PP-g- 
MA) is especially suitable as a compatibilizer for polypropylene. Both PE-g-MA and PP-g- 
MA are suitable for use with PET. In addition, it is been found that SEBS-g-MA is a good 
compatibilizer for PE, PP, PS, PB, PET, PVC and PVF. For PB, SEBS-g-MA, maieic 
anhydride grafted polybutylene (PB-g-MA) and glycidyl methyl acrylate grafted 
polybutylcne (PB-g-GMA) are all suitable compatibilizcrs. In addition, grlycidyl methyl 
acrylate grafted poly(methyl methacrylate) (PMMA-g-GMA) is a good compatibilizer for 
both PVC and PVF. Those skilled in the art will appreciate that any polymer that blends 
well with the polymer being mixed with starch granules will serve well as the polymer 
compatibilizer. 

Figure 3 shows a schematic diagram of the chemical and physical interactions of the 
molecules involved to make the present invention possible. Polymer / starch product 8 is 
comprised of polymer 10, compatibilizer 12 and starch granules 14. Polymers 10 and 
compatibilizer 12 hydrophobically interact at regions 16. Compatibilizer 12 has starch 
binding compounds 20 nnd24. Starch granules 14 have hydroxy} groups IS and 22. 
Hydroxy! groups 1 8 have reacted with starch binding compounds 20 in order to covalcntly 
bind starch granules to the compatibilizer. Hydroxyl groups 22 are unbound and remain as 
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hydroxyl groups. Hydroxyl groups 1 8 have reacted with starch binding compounds 20 and 
are covalently bound by an ester linkage. Starch binding compounds 24 are not proximal 
to starch hydroxyl groups and therefore remain unbound. 

Figure 3 illustrates how the compatibilizer strongly bonds to both the hydrophilic 
starch granules and the hydrophobic polymers. 

Typically, the grafting compound will comprise approximately 5% by weight of the 
compatibilizer. It is not necessary that the compatibilizer be comprised of the same polymer 
as the primary polymer. 
Example 1 

Low Density Polyethylene (LDPE) is a product of Dow Chemical Company 
(Midland, MI), LDPE 6401, with a melt flow index of 2g/10min. Commercial cornstarch 
was obtained from Cerestar USA Inc. (Hammond, IN). Cornstarch was dried at 120°C for 
24 hr to a moisture content of less than 1% prior to samples preparation. Polyethylene 
grafted maleic anhydride (PE-g-MA) may be obtained from Aldrich Chemical Company In. 
(Milwaukee, WI). 

Cornstarch, PE-g-MA (10% of Cornstarch weight) and LDPE were blended at room 
temperature with a KitchenAid mixer (St. Joseph, MI) at starch to LDPE ratios of 5%, 10%, 
15%, 20%, 25%(w/w). Then these blends were melt-blended in a lab scale twin screw 
counter-rotating extruder (PolyLab, ThermoHaake, Madison, WI) with a processing 
temperature of 170°C and a processing speed of 50 rpm. 

Dumbbell-shaped specimens were prepared from extruded samples. The tensile tests 
were carried out with an Universal Testing Machine (Model 1011, Instron, Canton, MA) at 
23°C with a crosshead speed of 20 mm/min. Five specimens were tested for each samples 
and the average values were reported. 
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Table 1. The effects of compatibilizer (PE-g-MA, 10% based on starch weight) on the 



tensile properties of PE/cornstarch in the absence of plasticizer (glycerol) 



PE/Cornstarch/Plasticiz 
er 


Without Compatibilizer 


With Compatibilizer 


Tensile Strength 
(MPa) 


Elongation at 
Break (%) 


Tensile Strength 
(MPa) 


Elongation at 
Break (%) 


100/0/0 


13.84 


728 






100/5/0 


12.93 


709 


13.06 


703 


100/10/0 


12.76 


613 


12.61 


610 


100/15/0 


12.67 


598 


1 1.72 


600 


100/20/0 


10.06 


459 


11.50 


548 


100/25/0 


8.72 


278 


10.98 


478 



Table 2. The effect of plasticizer (glycerol, 25% based on starch weight) on the on the 
tensile properties of PE/cornstarch with compatibilizer 



PE/Cornstarch 
/Compatibilizer 
(PE-g-MA) 



Without Plasticizer 



With Plasticizer 



Tensile Strength 
(MPa) 



Elongation at 
Break (%) 



Tensile Strength 
(MPa) 



Elongation at 
Break (%) 



100/5/0.5 
100/10/1.0 
100/15/1.5 
100/20/2.0 



13.06 
12.61 
11.72 
11.50 



703 
610 
600 
548 



13.73 
11.75 
10.75 
11.20 



663 
531 
556 
237 



Table 3. The effect of storage on the tensile properties of PE/cornstarch without 
compatibilizer but with plasticizer (glycerol, 25% based on starch weight) 



PE/Cornstarch/Plasticizcr 



Tensile Strength 
(MPa) 



Elongation at 
Break (%) 



Aft er one- month storage 
Tensile Strength Elongation 



(MPa) 



at Break 



(%) 



100/5/1.25 
100/10/2.5 
100/15/3.75 
100/20/5.0 
100/30/7.5 



13.62 
13.16 
12.37 
12.23 
12.61 



649 
605 
541 
437 
181 



12.35 
11.08 
11.70 
11.26 
11.48 



597 
503 
S6 
96 
57 
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Table 4. The effect of storage on the tensile properties of PE/cornstarch without 
compatibilizer and without plasticizer 









After one-month storage 


PE/Cornstarch/Plasticizer 


Tensile Strength 


Elongation at 


Tensile Strength 


Elongation 




(MPa) 


Break (%) 


(MPa) 


at Break (%) 


100/5/0 


12.93. 


709 


13.65 


679 


100/10/0 


12.76 


613 


12.52 


607 


100/15/0 


12.67 


598 


9.87 


514 


100/20/0 


10.06 


459 


9.71 


465 



EXAMPLE 2 

Low density polyethylene (LDPE, LDPE 6401, Dow Chemical Co., Midland, MI) 
with a melt flow index of 2 g/10 min was used. Common corn starch was obtained from 
Cerestar USA, Inc. (Hammond, IN). Com starch was dried at 120°C for 24 hr. to a moisture 
content of less than 1 % prior to sample preparation. PE-g-MA with an approximate maleic 
anhydride content of 3 wt % was purchased from Aldrich Chemical Company Inc. 
(Milwaukee, WI). 

Corn starch and LDPE (25/100) were pre-mixed at room temperature using a 
KitchenAid mixer (St. Joseph, MI) with different amounts of compatibilizer (PE-g-MA, 0, 
5, 10, 15, 20, 25 and 35% w/w based on starch) in order to determine the critical saturated 
interfacial concentration of PE-g-MA for the corn starch and LDPE system. These mixtures 
were then melt-blended in a lab scale twin-screw counter-rotating extruder (PolyLab, 
ThermoHaake, Madison, WT) at 170°C and 50 rpm. 
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Once the critical saturated interfacial concentration of PE-g-MA was identified, corn starch, 
PE-g-MA (the critical value based on starch weight) and LDPE were blended at starch to 
LDPE ratios of 5, 10, 15, 20, and 25% (w/w) according to above procedure. 

Five dumb bell-shaped specimens were prepared from each extruded samples. The 
5 tensile tests were carried out using an Instron Universal Testing Machine (Model 101 1, 
Instron, Canton, MA) at 23°C with a crosshead speed of 20 mm/min. 

The general linear model procedure (SAS Software Institute, Cary, NC 1999) was 
used to identify difference among data. All significant differences were reported at the 95% 
confidence level. 

10 For immiscible polymer blends, an interfacial agent, i.e. the compatibilizer, is needed to 
increase the compatibility and reduce the interfacial tension between components in order 
to obtain desired final properties. The concentration of compatibilizer in the interface of two 
immiscible components determines the efficacy of compatibilization. The critical interfacial 
concentration is the minimum value of interfacial saturation of an interfacial agent in the 

15 dispersed phase, which is an important parameter for the interfacial state between polymer 
components. When the concentration is below this critical value, the compatibilizer is not 
effective in improving the compatibilization of the polymer blends. The critical interfacial 
concentration is usually obtained from the emulsification curves, which relate the average 
dispersed phase particle diameter to the amount of added compatibilizer in the blends. This 

2 0 method is useful to characterize the morphology and the efficacy of a compatibilizer for a 
given interface. The curves of tensile strength and impact strength versus the concentration 
of the compatibilizer also exhibit the same trends as the emulsification curves. In fact, the 
dispersed phase particle size, tensile strength and impact strength all reflect the interfacial 
state, e.g. interfacial tension and adhesion. For the LDPE and starch blends, the 
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emulsification curves were not suitable to determine the critical concentration because the 
starch granular size did not change with composition and with the addition of the 
compatibilizer. Therefore, the curve of tensile strength versus the amount of compatibilizer 
was used in the present study to characterize the interfacial state between starch and LDPE. 
The need for alternative methods of quantifying the invention's physical properties further 

illustrates its novelty. 

The curve of tensile strength of starch and LDPE (25/1 00) blends versus the fraction 
of compatibilizer to starch is shown in Figure 4. When the PE-g-MA content was below 
10%, the tensile strength increased rapidly, indicating that the interface between starch and 
LDPE was not saturated and their interfacial adhesion was still weak. When the PE-g-MA 
content was above 10%, the tensile strength leveled off, implying that the interface between 
starch and LDPE was saturated by PE-g-MA and the interfacial tension reached a minimum 
value. This result indicates that the critical saturated interfacial concentration of PE-g-MA 
was approximately 1 0% of starch weight for the starch and LDPE (25/100) blends. Because 
the ratio of surface area to corn starch weight was constant and the starch granule size did 
not change with the composition of starch and LDPE blends, the critical interfacial 
concentration of PE-g-MA was only related to the starch weight. Thus, the critical interfacial 
concentration of PE-g-MA was used at 1 0% of the starch weight in all corn starch and LDPE 
systems. 

The ability of a polymeric material to resist deformation under an applied force 
depends on the mobility of the molecule and the ability to deform determines its mechanical 
properties. The molecular mobility of multi phase polymeric materials is determined by the 
interfacial properties because molecular mobility is discontinuous at the interface. Therefore, 
interfacial adhesion is a very important factor of controlling the mechanical properties of 
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multi phase materials. The tensile properties of LDPE/corn starch blends without and with 
PE-g-MA are shown in Figures 5 and 6. When the corn starch content increased, the tensile 
strength and elongation at break of LDPE/corn starch blends decreased, presumably because 
of incompatibility of LDPE and starch. It is possible that the inclusion of corn starch in a 
5 LDPE matrix would cause a very significant stress concentration. Therefore, fracture would 
be initiated from the weak interface of the blend due to their poor interfacial adhesion, thus 
resulting in reduced tensile properties. 

When PE-g-MA was added to the blends, the tensile strength and elongation at break 
of the blends were improved and the improvement was more pronounced at higher starch 
1 o contents. PE-g-MA increased adhesion between the LDPE matrix and the starch filler. The 
improved interfacial adhesion between LDPE and corn starch had a positive impact on the 
stress transfer, thus reducing the chance of interfacial de-bonding and leading to improved 
tensile properties. In addition, these results also supported that the interaction between starch 
and PE-g-MA was of chemistry between hydroxyl groups in corn starch and anhydride 
15 groups in PE-g-MA because the polar interaction between them would not improve their 
properties to any significant extent. 

The miscibility between granular corn starch and LDPE was improved with the 
addition of a commercially available compatibilizer, PE-g-MA. Results from DSC, SEM and 
tensile properties suggest that the improved compatibility was attributed to the chemical 
20 reaction between hydroxyl groups in starch and anhydride groups in PE-g-MA and the 
physical interaction between the PE in PE-g-MA and LDPE. Therefore it is possible to blend 
a high percentage of granular corn starch with LPDE while still showing comparable tensile 
properties. 
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Whereas, the present invention has been described in relation to the drawings 
attached hereto, it should be understood that other and further modifications, apart from 
those shown or suggested herein, may be made within the spirit and scope of this invention. 
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